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Mark G. Bocchetti An autostereoscopic optical apparatus (10) for viewing a 
Patent Legal Sta? stereoscopic image comprising a left image to be vieWed by 
Eastman Kodak Company an observer (12) at a left vieWing pupil (141) and a right 
343 State Street image to be vieWed by the observer at a right vieWing pupil 
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. _ curved intermediate image near the focal surface (22) of a 
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AUTOSTEREOSCOPIC DISPLAY APPARATUS 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

[0001] Reference is made to commonly-assigned copend 
ing US. patent application Ser. No. 10/393,236, ?led Mar. 
20, 2003, entitled METHOD AND APPARATUS FOR 
MONOCENTRIC PROJECTION OF AN IMAGE, by 
Joshua M. Cobb; and US. patent application Ser. No. 
10/662,208, ?led Sep. 12, 2003, entitled AUTOSTEREO 
SCOPIC OPTICAL APPARATUS by Cobb et al.; the dis 
closures of Which are incorporated herein. 

FIELD OF THE INVENTION 

[0002] This invention generally relates to display appara 
tus and more particularly relates to an image generation 
apparatus for an autostereoscopic display providing a Wide 
?eld of vieW, large left and right vieWing pupils, and high 
brightness, With improved cost and reduced siZe. 

BACKGROUND OF THE INVENTION 

[0003] The potential value of autostereoscopic display 
systems is Well appreciated for a broad range of data 
visualiZation uses and for a Wide range of applications that 
include entertainment, engineering, medical, government, 
security, and simulation ?elds. Autostereoscopic display 
systems include “immersion” systems, intended to provide a 
realistic vieWing eXperience for an observer by visually 
surrounding the observer With a three-dimensional (3-D) 
image having a very Wide ?eld of vieW. As differentiated 
from the larger group of stereoscopic displays that include it, 
the autostereoscopic display is characteriZed by the absence 
of any requirement for a Wearable item of any type, such as 
goggles, headgear, or special polariZed or ?lter glasses, for 
eXample. That is, an autostereoscopic display attempts to 
provide “natural” vieWing conditions for an observer. 

[0004] An article entitled “3-D displays: A revieW of 
current technologies” by Siegmund Pastoor and Mathias 
Wopking in Displays 17 (1997) surveys various approaches 
that have been applied for obtaining autostereoscopic dis 
play images for one or more vieWers. Among the many 
techniques described in the Pastoor et al. article are electro 
holography, volumetric display, direction-multiplexed, dif 
fraction-based, refraction-based, and re?ection-based meth 
ods for autostereoscopic presentation. While each of these 
approaches may have merit in one or more speci?c appli 
cations, these approaches have a number of characteristic 
shortcomings that constrain usability and overall perfor 
mance. As a group, these conventional approaches have 
been adapted for autostereoscopic displays, but alloW only a 
narroW ?eld of vieW and provide limited brightness and poor 
contrast. Imaging systems employing time-based or spatial 
multiplexing require complex image processing algorithms 
in order to provide left- and right-eye images in the proper 
sequence or With the necessary spatial separation. Time 
based multiplexing introduces the inherent problem of 
image ?icker. Spatial multiplexing generally produces an 
image having reduced resolution. Combining these multi 
pleXing techniques, as is disclosed in European Patent 
Application 764 869 A2 (EZra et al.), may provide an 
increased number of vieWs, but does not compensate for 
these inherent draWbacks. A number of multiplexing tech 
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nologies also require tracking of vieW eye position and 
compensation for changes in head position. As a further 
disadvantage, each of the imaging technologies described in 
the Pastoor et al. article present the vieWer With a real image, 
rather than With a virtual image, a distinction described in 
more detail subsequently. 

[0005] In an article entitled “An Autostereoscopic Display 
Providing Comfortable VieWing Conditions and a High 
Degree of Telepresence” by Klaus Hopf in IEEE T ransac 
tions on Circuits and Systems for Video Technology, Vol. 10, 
N0. 3, April, 2000, a teleconferencing system employing a 
spherical mirror is disclosed, recommended particularly for 
its value in reducing chromatic aberration. HoWever, the 
optical system disclosed in this article is subject to ?eld 
curvature constraints, limiting its ?eld of vieW. Notably, the 
system described in the Hopf article provides a virtual 
image; hoWever, due to substantial ?eld curvature, the total 
?eld of vieW of such a system is limited to less than about 
15 degrees. While such a narroW ?eld of vieW may be 
acceptable for videoconferencing applications, this level of 
performance Would not be useful for a desktop display 
system. 

[0006] Three-dimensional (3-D) imaging systems using 
curved re?ective surfaces to form real images are knoWn. 
For example, US. Pat. No. 3,447,854 (Minter) discloses a 
3-D vieWer that employs a curved mirror acting as a ?eld 
lens for shifting the position of the vieWing pupil for 
separate left-eye and right-eye images. Similarly, in an 
article entitled “Stereoscopic Display Using a 1.2-M Diam 
eter Stretchable Membrane Mirror” by McKay et al., a large 
curved mirror is used in conjunction With left and right 
beamsplitters for providing a real image, shifting a conver 
gence point for left- and right-image disparity to some 
position along the primary optical aXis relative to the curved 
mirror surface. Signi?cantly, With both the US. Pat. No. 
3,447,854 apparatus and the McKay et al. apparatus, the 
projected image is focused onto the surface of the curved 
mirror itself. With this arrangement, since the projected 
image is focused onto the curved mirror; the mirror itself 
does not form the image, but simply directs light into the 
pupils of the vieWer. Because the mirror serves as the display 
surface for this type of real image projection system, optimal 
vieWing conditions and large ?eld of vieW are obtained When 
using a large curved mirror placed a good distance aWay 
from the vieWer. 

[0007] These prior art imaging systems display a real 
image as contrasted With a virtual image. It is important to 
clarify the distinction betWeen real and virtual imaging. A 
real image is de?ned as an image that is either focused on a 
surface or focused in an accessible location. That is, a screen 
can be placed at the position of a real image in order to 
display the image. 
[0008] Unlike real imaging projection, a virtual imaging 
system forms an image that is not focused at an accessible 
location. That is, a virtual image is not formed by projection 
onto a display surface; if a display surface Were positioned 
at the perceived location of a virtual image, no image Would 
be formed on that surface. Instead, a virtual image is formed 
by an optical system. A virtual image can be considered to 
be formed by the eye itself, forming an image according to 
light incident on the retina. A virtual image occurs, for 
eXample, When an object is betWeen the focal point and the 
verteX of a concave mirrored surface. 
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[0009] Virtual imaging provides an advantageous alterna 
tive to real image projection in some types of applications. 
US. Pat. No. 5,625,372 (Hildebrand et al.) outlines a 
number of inherent advantages of virtual imaging over the 
alternative real imaging that is commonly used for image 
projection. As one signi?cant advantage for stereoscopic 
vieWing, the siZe of a virtual image is not limited by the siZe 
or location of a display surface. Additionally, the source 
object for a virtual image may be small. A magnifying glass, 
as a simple example, provides an enlarged virtual image of 
a small object. Print vieWed through a magnifying glass not 
only appears larger, it also appears to be located substan 
tially behind the surface of the page Where the print actually 
exists. By de?nition, then, a virtual image can exist at a 
location Where no display surface exists. Thus, it can be seen 
that, in comparison With prior art systems that project a real 
image, a more realistic vieWing experience can be provided 
by forming a virtual image that is formed so as to appear 
some distance aWay. Providing a virtual image also obviates 
the need to compensate for screen artifacts, as may be 
necessary When projecting a real image. 

[0010] It is instructive to point out that the term “virtual 
image” is itself often casually misused in patent and related 
literature about immersive imaging systems and other appa 
ratus that are often described as “virtual reality” systems. As 
one example, US. Pat. No. 5,976,017 (Omori et al.) makes 
a number of references to “virtual image” using the casual 
interpretation of this term as simply some type of electroni 
cally generated image, rather than using the de?nition under 
stood by the optics practitioner. (Other examples of this 
unfortunate, casual use of the term “virtual image” can be 
easily found in the patent literature; as just a feW additional 
examples, see US. Pat. Nos. 6,636,234 (Endo et al.) and 
US. Pat. No. 6,674,881 (Bacus et al.), both of Which use the 
term “virtual image” in its casual sense, rather than holding 
to the de?nition used in optics.) In the disclosure of the 
present application, the term “virtual image” is used in its 
true optical sense. 

[0011] It is generally recogniZed that, in order to minimiZe 
vergence/accommodation effects, a 3-D vieWing system 
should display its pair of stereoscopic images, Whether real 
or virtual, at a relatively large distance from the observer. 
For real image projection, this means that a large display 
surface must be employed, preferably placed a good distance 
from the observer. For virtual images, hoWever, a relatively 
small curved mirror can be used as is disclosed in US. Pat. 
No. 5,908,300 (Walker et al.). The curved mirror in a virtual 
imaging system acts as a collimator, forming a virtual image 
that appears to be at a relatively large distance from the 
observer. In terms of focus, the image formed in such a 
virtual imaging system appears to be at in?nity. 

[0012] From an optical perspective, it can be seen that 
there Would be advantages to autostereoscopic design using 
pupil imaging. A system designed for pupil imaging must 
meet a fairly demanding set of requirements, including the 
folloWing: 

[0013] (a) form separate images at left and right 
pupils correspondingly; 

[0014] (b) provide the most natural vieWing condi 
tions possible, eliminating any need for goggles or 
special headgear; 
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[0015] (c) present the largest possible pupils to the 
observer, While limiting crosstalk betWeen left and 
right vieWs; 

[0016] (d) alloW the observer a reasonable freedom of 
movement; 

[0017] (e) provide an ultra-Wide ?eld of vieW; and 

[0018] provide sufficient resolution for realistic 
imaging, With high brightness and contrast. 

[0019] It is recogniZed in the optical arts that each of these 
requirements, by itself, can be dif?cult to achieve. An ideal 
autostereoscopic imaging system must meet the challenge of 
each of these requirements to provide a more fully satisfac 
tory and realistic vieWing experience. Moreover, additional 
physical constraints presented by the need for a system to 
have small footprint, and dimensional constraints for 
interocular separation must be considered, so that separate 
images directed to each eye can be advantageously spaced 
and correctly separated for vieWing. It is instructive to note 
that interocular distance constraints limit the ability to 
achieve larger pupil diameter at a given ultraWide ?eld by 
simply scaling the projection lens. 

[0020] Clearly, the value and realistic quality of the vieW 
ing experience provided by an autostereoscopic display 
system using pupil imaging is enhanced by presenting the 
stereo 3-D image With a Wide ?eld of vieW and large exit 
pupil. For fully satisfactory 3-D vieWing, such a system 
should provide separate, high-resolution images to right and 
left eyes. To create a realistic illusion of depth and Width of 
?eld, the observer should be presented With a virtual image 
that requires the vieWer to focus at some distance. 

[0021] It is Well knoWn that con?ict betWeen depth cues 
associated With vergence and accommodation can adversely 
impact the vieWing experience. Vergence refers to the degree 
at Which the observer’s eyes must be crossed in order to fuse 
the separate images of an object Within the ?eld of vieW. 
Vergence decreases, then vanishes as vieWed objects 
become more distant. Accommodation refers to the require 
ment that the eye lens of the observer change shape to 
maintain retinal focus for the object of interest. It is knoWn 
that there can be a temporary degradation of a vieWer’s 
depth perception When the vieWer is exposed for a period of 
time to mismatched depth cues for vergence and accommo 
dation. It is also knoWn that this negative effect on depth 
perception can be mitigated When the accommodation cues 
correspond to distant image position. 

[0022] There are also other basic optical limitations for 
immersion systems that must be addressed With any type of 
optical projection that provides a Wide ?eld of vieW. An 
important limitation is imposed by the Lagrange invariant. A 
product of the siZe of the emissive device and the numerical 
aperture, the Lagrange invariant determines output bright 
ness and is an important consideration for matching the 
output of one optical system With the input of another. Any 
imaging system conforms to the Lagrange invariant, 
Whereby the product of pupil siZe and semi-?eld angle is 
proportional to the product of the image siZe and the 
numerical aperture. An invariant that applies throughout the 
optical system, the Lagrange invariant can be a limitation 
When using, as an image generator, a relatively small spatial 
light modulator or similar pixel array Which operate over a 
relatively small numerical aperture, since the Lagrange 
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value associated With the device is small. In practical terms, 
the larger the siZe of the image source, the easier it is to form 
an image having a Wide ?eld of vieW and large pupil. 

[0023] In response to the need for more realistic autoste 
reoscopic display solutions offering a Wide ?eld of vieW, 
commonly-assigned US. Pat. No. 6,416,181 (Kessler et al.), 
incorporated herein by reference and referred to as the ’181 
patent, discloses an autostereoscopic imaging system using 
pupil imaging to display collimated left and right virtual 
images to a vieWer. In the ’181 disclosure, a curved mirror 
is employed in combination With an imaging source, a 
curved diffusive surface, a ball lens assembly, and a beam 
splitter, for providing the virtual image for left and right 
vieWing pupils. Overall, the monocentric optical apparatus 
of the ’181 disclosure provides autostereoscopic imaging 
With large vieWing pupils, a very Wide ?eld of vieW, and 
minimal aberration. 

[0024] While the autostereoscopic system of the ’181 
disclosure provides a high-performance immersive display, 
there is still room for improved embodiments. For eXample, 
While the ’181 system provides a large vieWing pupil, there 
Would be advantages in obtaining even further increases in 
pupil siZe. 

[0025] Generating its source image on a small spatial light 
modulator device, the ’181 system overcomes inherent 
Lagrange invariant conditions by forming an intermediate 
curved image for projection on a curved diffusive surface. 
Use of the diffuser With the ’181 apparatus is necessary 
because the image-forming device, typically a re?ective 
liquid crystal on silicon (LCOS) or other spatial light 
modulator, is a relatively small image source device, mea 
suring typically no more than about 1 inch square. At the 
same time, hoWever, the use of a diffusive surface effectively 
reduces overall brightness, introduces some level of graini 
ness to the image, and limits the achievable contrast. 

[0026] Subsequent commonly-assigned applications have 
addressed the need for more compact autostereoscopic appa 
ratus providing pupil imaging With virtual images and for 
achieving improved brightness levels. For example, US. 
patent application Ser. No. 10/662,208, cited above, dis 
closes improved apparatus and methods for forming curved 
left and right intermediate images, using an approach that 
eliminates the need for use of a diffusive surface and alloWs 
the use of larger image sources Which are able to provide 
additional brightness. 

[0027] Although there is considerable interest in the 
enhanced display quality that true autostereoscopic virtual 
imaging affords, there remain a number of hurdles to Wide 
spread commercialiZation of compact, autostereoscopic dis 
plays suitable for desktop applications. There Would be 
particular value in improvements that reduce cost and siZe 
and increase brightness, provide more natural vieWing con 
ditions, and enhance overall image quality. 

[0028] Thus, it can be seen that there is a need for an 
improved autostereoscopic imaging apparatus that provides 
improved brightness, enhanced vieWing pupil dimensions, 
reduced image aberrations, and higher resolution, at reduced 
siZe and cost. 

SUMMARY OF THE INVENTION 

[0029] It is an object of the present invention to provide an 
autostereoscopic display device having improved vieWing 
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pupil siZe, brightness, and resolution, With reduced optical 
aberrations at reduced siZe and cost. With this object in 
mind, the present invention provides an autostereoscopic 
optical apparatus for vieWing a stereoscopic image compris 
ing a left image to be vieWed by an observer at a left vieWing 
pupil and a right image to be vieWed by the observer at a 
right vieWing pupil, the apparatus comprising: 

[0030] (a) a left image generation system for forming 
a left curved intermediate image near the focal 
surface of a curved mirror, the left image generation 
system comprising: 

[0031] a left image source for forming a left 
source image; 

[0032] (ii) a left optical system comprising at least 
one lens for collecting light from the left image 
source and a left image folding surface for direct 
ing the collected light to form the left curved 
intermediate image, Wherein the left optical sys 
tem forms an eXit pupil optically centered near the 
center of curvature of the left curved intermediate 
image; 

[0033] (b) a right image generation system for form 
ing a right curved intermediate image near the focal 
surface of the curved mirror, the right image gen 
eration system comprising: 

[0034] a right image source for forming a right 
source image; 

[0035] (ii) a right optical system comprising at 
least one lens for collecting light from the right 
image source and a right image folding surface for 
directing the collected light to form the right 
curved intermediate image, Wherein the right opti 
cal system forms an eXit pupil optically centered 
near the center of curvature of the right curved 
intermediate image; 

[0036] (c) the center of curvature of the curved mirror 
placed substantially optically midWay betWeen the 
eXit pupil of the left optical system and eXit pupil of 
the right optical system; 

[0037] (d) a beamsplitter disposed betWeen the mir 
rored surface and the center of curvature of the 
curved mirror, the curved mirror and beamsplitter 
cooperating to form, at the left vieWing pupil: 

[0038] a real image of the eXit pupil of the left 
optical system; and 

[0039] (ii) an image of the left curved intermediate 
image that appears to be behind the curved mirror; 

[0040] the curved mirror and beamsplitter further 
cooperating to form, at the right vieWing pupil: 

[0041] a real image of the eXit pupil of the right 
optical system; and 

[0042] (ii) an image of the right curved interme 
diate image that appears to be behind the curved 
mirror. 

[0043] From another aspect, the present invention pro 
vides an autostereoscopic optical apparatus for vieWing a 
stereoscopic virtual image comprising a left image to be 
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viewed by an observer at a left viewing pupil and a right 
image to be vieWed by the observer at a right viewing pupil, 
the apparatus comprising: 

[0044] (a) a left image generation system and a right 
image generation system, each image generation 
system comprising: 

[0045] an image source for forming a source 
image; 

[0046] (ii) an optical system comprising at least 
one lens for collecting light from the image source 
and an image folding surface for directing the 
collected light to form a curved intermediate 
image, Wherein the optical system forms an eXit 
pupil optically centered near the center of curva 
ture of the curved intermediate image; 

[0047] (b) a beamsplitter disposed to form the curved 
intermediate image of the left image generation 
system near the focal surface of a left curved mirror 
and to form the curved intermediate image of the 
right image generation system near the focal surface 
of a right curved mirror; 

[0048] Wherein the left curved mirror has a center of 
curvature substantially coincident With the eXit pupil 
of the left optical system for the left image genera 
tion system; 

[0049] Wherein the right curved mirror has a center of 
curvature substantially coincident With the eXit pupil 
of the right optical system for the right image gen 
eration system; 

[0050] Wherein the beamsplitter cooperates With the 
left curved mirror to form, at the left vieWing pupil, 
a real image of the eXit pupil of the left optical 
system for the left image generation system and an 
image of the curved intermediate image formed by 
the left image generation system that appears to be 
behind the left curved mirror; and 

[0051] Wherein the beamsplitter cooperates With the 
right curved mirror to form, at the right vieWing 
pupil, a real image of the pupil of the optical system 
for the right image generation system and an image 
of the curved intermediate image formed by the right 
image generation system that appears to be behind 
the right curved mirror. 

[0052] It is a feature of the present invention that it 
provides an autostereoscopic imaging display apparatus that 
forms an intermediate image Without the need for curved 
diffusive surfaces. This alloWs image brightness to be opti 
miZed and alloWs improved contrast over other design 
solutions. 

[0053] It is an advantage of the invention that a beam 
splitter is not required for forming the curved intermediate 
image. This improves display brightness and eliminates 
aberrations that can be induced by such a beamsplitter. 

[0054] It is an advantage of the present invention that it 
enables the use of a larger imaging display than previous 
solutions, relaxing Lagrange invariant constraints on avail 
able luminance. 
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[0055] It is a further advantage of the present invention 
that it provides a large vieWing pupil. 

[0056] It is a further advantage of the present invention 
that it provides a compact autostereoscopic display system 
providing a virtual image. The apparatus of the present 
invention overcomes constraints on the placement and siZe 
of projection apparatus for left- and right-eye images by 
folding the image path at an optimal location. Thus, con 
ventional projection systems having relatively large lenses 
can be used for forming stereoscopic images. 

[0057] It is yet a further advantage of the present invention 
that it provides options to highly spherical lenses, such as 
ball lenses and ball lens segments, using an alternate 
approach to image-forming optics that generate curved 
images. 

[0058] These and other objects, features, and advantages 
of the present invention Will become apparent to those 
skilled in the art upon a reading of the folloWing detailed 
description When taken in conjunction With the draWings 
Wherein there is shoWn and described an illustrative embodi 
ment of the invention. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0059] While the speci?cation concludes With claims par 
ticularly pointing out and distinctly claiming the subject 
matter of the present invention, it is believed that the 
invention Will be better understood from the folloWing 
description When taken in conjunction With the accompa 
nying draWings, Wherein: 

[0060] FIG. 1 shoWs a prior art autostereoscopic display 
system using pupil imaging to provide a virtual image; 

[0061] FIG. 2 shoWs a detailed vieW of image generation 
system components for the prior art system of FIG. 1; 

[0062] FIG. 3 is a side vieW shoWing the basic compo 
nents and optical behavior of an image generation system 
according to the present invention; 

[0063] FIG. 4 is a perspective vieW of the basic compo 
nents of an autostereoscopic imaging system using the 
image generation system of the present invention; 

[0064] FIG. 5 is a side vieW shoWing left and right image 
generation systems; 

[0065] FIG. 6 is a top vieW shoWing left and right image 
generation systems; 

[0066] FIG. 7 is a perspective vieW shoWing left and right 
image generation systems; and 

[0067] FIG. 8 is a perspective vieW shoWing the basic 
components and optical behavior of an image generation 
system in a single-mirror embodiment according to the 
present invention. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0068] The present description is directed in particular to 
elements forming part of, or cooperating more directly With, 
apparatus in accordance With the invention. It is to be 
understood that elements not speci?cally shoWn or described 
may take various forms Well knoWn to those skilled in the 
art. 
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[0069] For the purposes of the present application, a 
curved image is an image for Which best focus lies in a shape 
that is substantially spherical. The optical path is simplest 
When curved images are themselves spherically curved. By 
forming and using curved intermediate images, for example, 
rather than ?at, planar images, the optics of the present 
invention take advantage of various symmetrical arrange 
ments and relationships that are favorable for pupil imaging 
using virtual images, as is described in this section. 

[0070] Similarly, for reasons that become apparent upon 
reading this detailed description, a curved mirror, as 
described in this application, is preferably spherical, having 
a single center of curvature. 

[0071] In the prior art autostereoscopic projection appa 
ratus 10 described in US. Pat. No. 6,416,181 and as shoWn 
in FIG. 1, a curved mirror 24 is employed, in combination 
With a beamsplitter 16 to provide an autostereoscopic virtual 
image to a vieWer 12 at left and right vieWing pupils 14l and 
141'. For each vieWing pupil 14l and 14;; the virtual image 
that is formed appears as if positioned behind curved mirror 
24. For both left and right vieWing pupils 14l and 14;; a 
corresponding image generation system 70l and 70r pro 
vides an initial intermediate curved image that is then 
projected through a corresponding left or right ball lens 
assembly 30l, 30r in order to form an intermediate curved 
image 80 near a focal surface of curved mirror 24. As FIG. 
1 shoWs, the left and right optical paths cross betWeen 
beamsplitter 16 and curved mirror 24, due to the nature of 
imaging using curved mirror 24. Beamsplitter 16 is disposed 
betWeen the mirrored surface and the center of curvature of 
curved mirror 24. It is important to note that because left and 
right intermediate curved images 80 have centers of curva 
ture that are not quite coincident, the actual intermediate 
curved images 80 cannot lie perfectly on each other, nor lie 
perfectly on the focal surface of curved mirror 24. 

[0072] Referring to FIG. 2, there is shoWn, extracted from 
the more detailed prior art description of the ’181 disclosure 
noted in the background section above, a portion of an image 
generation system 70 that cooperates With ball lens assembly 
30 for providing intermediate curved image 80 for projec 
tion in a stereoscopic projection system 82 for one vieWing 
pupil 14. Here, an image generator 74 provides a source 
image from a ?at surface, such as from a re?ective LCOS 
spatial light modulator. A relay lens 54 directs light from 
image generator 74 onto a diffusing element 32, so that a 
curved intermediate image 76 is formed on a diffusive 
surface 40. Ball lens assembly 30, cooperating With beam 
splitter 16, then projects curved intermediate image 76 
toWard a front focal surface 22 of curved mirror 24 to form 
intermediate curved image 80. Curved mirror 24 then pro 
vides a virtual image of intermediate curved image 80 for a 
vieWing pupil 14. 

[0073] Forming a Curved Intermediate Image 

[0074] While image generation system 70, ball lens 
assembly 30 and beamsplitter 16 as shoWn in FIGS. 1 and 
2 provide intermediate curved image 80 having suitable 
curvature and at the optimal exit pupil location for forming 
a virtual image that appears to be behind curved mirror 24, 
there are other methods for forming intermediate curved 
image 80. The crux of the present invention is an alternate 
apparatus and method for forming curved intermediate 
image 80 Without the need for any additional beamsplitters, 
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Which can introduce minor imaging aberrations and reduce 
brightness, and Without the requirement for ball lens optics, 
such as are used With the prior art arrangement of FIGS. 1 
and 2. Moreover, the apparatus of the present invention 
alloWs the deployment of more conventional projection 
optics With an autostereoscopic virtual imaging system. 

[0075] Referring to FIG. 3, there is shoWn, in cross 
sectional side vieW, an image generation system 170 in one 
embodiment of the present invention. With reference to 
autostereoscopic projection apparatus 10 shoWn in FIG. 1, 
one image generation system 170 of FIG. 3 could be 
substituted for each of left and right image generation 
systems 70l and 70r With their corresponding left and right 
ball lens assemblies 30l and 301'. This alternate arrangement 
is shoWn in FIG. 8. That is, image generation system 170 
cooperates With beamsplitter 16 to form intermediate curved 
image 80. 

[0076] In image generation system 170 of FIG. 3, an 
image source 100 provides modulated light to an optical 
assembly 110. Optical assembly 110 has entrance optics 102, 
typically a compound lens as shoWn in FIG. 3, optically 
coupled With a turning prism 104 having a re?ective surface 
108 that redirects light from entrance optics 102 to form 
intermediate image 80. Turning prism 104 has an output lens 
106, typically a plano-convex lens as shoWn. Here, re?ective 
surface 108 is a coated surface of turning prism 104 for 
re?ecting light incident from entrance optics 102. It is 
important to observe that the mirrored surface of the prism 
is at the aperture stop A of image generation system 170. In 
this embodiment, the location of the exit pupil P of image 
generation system 170 depends on the focal length of output 
lens 106 and on the thickness and material of prism 104. Exit 
pupil P can be coincident With aperture stop A, at re?ective 
surface 108. (Coincidence of exit pupil P and aperture stop 
A holds true, for example, With ball lens assembly 30 in the 
prior art embodiment of FIG. 1.) With the arrangements of 
FIGS. 4-8, for example, pupil P is located Within about 12 
mm of aperture stop A. 

[0077] Ideally, the center of curvature Ci of intermediate 
curved image 80 lies on pupil P as is shoWn in FIG. 3. With 
this arrangement, the optics of image generation system 170 
can be made highly compact, since aperture stop A has a 
relatively small area. As is described subsequently, folding 
the imaging path at aperture stop A provides a compact 
con?guration that is particularly advantaged for pupil imag 
mg. 

[0078] The use of turning prism 104 also provides optical 
assembly 110 With the advantage of a shortened optical path 
length around the aperture stop location, particularly Where 
a high index glass or other high index material is used. The 
materials used for turning prism 104, entrance optics 102, 
and output lens 106 need not be the same and need not be 
in physical contact With one another. 

[0079] System Embodiment 

[0080] In order to better understand the operation and 
advantages of the present invention, it is useful to consider 
hoW optical assembly 110 is used in an autostereoscopic 
system. Referring to the single-mirror embodiment of FIG. 
8, curved mirror 24 is slightly off center from both left exit 
pupil P1 and right exit pupil PT. This off-center condition 
causes keystone distortion in the left virtual image and an 
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opposing keystone distortion in the right virtual image. This 
distortion can be corrected by electronically pre-distorting 
the image data provided to left image source and to the right 
image source 100;; using image data manipulation tech 
niques that are Well knoWn in the digital imaging art. 
Referring noW to FIG. 4, there is shoWn an alternate 
embodiment that minimiZes keystone distortion in the vir 
tual images formed, since each eXit pupil is on aXis relative 
to its oWn curved mirror. In autostereoscopic display appa 
ratus 10 of FIG. 4, left and right optical assemblies 110l and 
110r are con?gured respectively as part of left and right 
image generation systems 170l and 170;; according to the 
present invention. Left and right image sources 100l and 
100r form the separate left and right source images for 
display. In the embodiment of FIG. 4, left and right turning 
mirrors 112l and 112;; respectively, direct light from image 
source 100l and 100r to the corresponding left and right 
optical assemblies 110l and 110r. Left and right optical 
assemblies 110l and 110;; cooperating With beamsplitter 16, 
then form intermediate curved images 80 (as described With 
reference to FIG. 1, but not shoWn in FIG. 4) at the focal 
surfaces of left and right curved mirrors 24l and 24r. Left and 
right curved mirrors 24l and 24r then provide, again through 
beamsplitter 16, virtual images that can be vieWed at left and 
right vieWing pupils 14l and 14r. To the vieWer at left and 
right vieWing pupils 14l and 14;; the left and right virtual 
images formed With this arrangement appear to be behind 
left and right curved mirrors 24l and 24r respectively. 

[0081] Left and right vieWing pupils can range in siZe 
from 20 mm to 55 mm. When the component arrangement 
of FIG. 4 is used, there are also duplicate left and right 
vieWing pupils 14l‘ and 14r‘. In practice, vieWing pupils 14l 
and 14r that are actually used lie betWeen duplicate left and 
right vieWing pupils 14l‘ and 14r‘ as is represented in FIG. 
4. 

[0082] With respect to the arrangement of FIG. 4, it must 
be observed that left and right turning mirrors 112l and 112r 
are optional, depending on the relative locations of left and 
right image sources 100l and 1001'. In this arrangement, the 
image orientation presented to the vieWer Will be identical to 
that appearing on image sources 100l and 100r. Without 
turning mirrors 112l and 112;; a mirror image of the scene 
must be generated on image sources 100l and 100r. Either 
the single mirror arrangement of FIG. 8 or the dual mirror 
arrangement of FIG. 4 could be used With left and right 
image generation systems 170l and 170r of the present 
invention. 

[0083] 
[0084] There are a number of spatial relationships that 
have particular importance for obtaining optimal imaging 
conditions When using left and right image generation 
systems 170l and 170r of the present invention. As noted 
hereinabove With reference to FIG. 3, the coincidence of 
center of curvature Ci of intermediate curved image 80 and 
pupil P is advantageous. Other key spatial relationships 
depend on the positioning of left and right optical assemblies 
110l and 110r relative to each other. This positioning is best 
described With reference to the side, top, and perspective 
vieWs of left and right optical assemblies 110l and 110r 
shoWn in FIGS. 5, 6, and 7 respectively. 

[0085] In the side vieW of FIG. 5, center of curvature Ci 
of intermediate curved image 80 is coincident With pupil P, 

Importance of Spatial Relationships 
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Which is betWeen aperture stop A on left and right re?ective 
surfaces 108l and 108r and lenses 106l and 106r. FIG. 6 
shoWs the position of left and right centers of curvature Ci1 
and Cir and their coincident pupils P1 and PI from a top vieW. 
For the single curved mirror 24 embodiment of FIG. 8, the 
center of curvature Ci of curved mirror 24 ideally lies 
midWay betWeen left and right pupils P1 and PL For the dual 
curved mirror 24l, 24r embodiment of FIG. 4, each center 
of curvature Ci1 and Cir is ideally coincident With the cor 
responding center of curvature of curved mirror 24l, 241'. 

[0086] Another key spatial relationship relates to the 
interocular distance of vieWer 12 (FIG. 1). As is shoWn in 
FIGS. 6 and 7, the arrangement of left and right optical 
assemblies 110l and 110r enables them to be positioned 
closely together Within autostereoscopic display apparatus 
10, separated by a distance D. For 1:1 imaging, distance D 
can be set to closely approximate the interocular distance of 
vieWer 12, Which is typically in the range of 5-8 cm. An 
adaptive arrangement Would even alloW dynamic adjust 
ment of separation distance D to suit an individual vieWer 
12. (Left entrance optics is 102l and right entrance optics is 
1021'. Left and right turning prisms are 104l and 104r 
respectively.) 
[0087] It must be emphasiZed that the arrangement shoWn 
in FIGS. 4-8 achieves compactness by folding the imaging 
path at aperture stop A. At this point, the imaging beam is at 
a minimum Width. With the optical path folded at this point, 
the apparatus used to form left and right source images can 
be any suitable projection device and can have output lenses 
With diameters in the 65-200 mm range. 

[0088] In summary, Where a single curved mirror 24 is 
used With left and right image generation systems 170l and 
170r of the present invention, a central point midWay 
betWeen left and right pupils P1 and PI or left and right image 
centers of curvature Ci1 and Cir corresponds to the center of 
curvature of curved mirror 24. Where paired left and right 
curved mirrors 24l and 24r are used, left and right centers of 
curvature Ci1 and Cir each correspond to the appropriate 
center of curvature of the corresponding left or right curved 
mirror 24l or 24r. The curved intermediate images formed 
have centers of curvature coincident With left and right 
pupils P1 and PI. 

[0089] Optimal imaging performance is obtained When the 
spatial relationships described hereinabove are obtained. 
HoWever, in practice, some tolerance Would be alloWable. 
For eXample, With reference to FIGS. 1, 3, and 4, interme 
diate curved image 80 need not be precisely spherical in 
curvature to provide reasonable image quality. Similarly, 
curved mirrors 24 and 24l, 24r may vary someWhat from 
spherical curvature, yet provide adequate imaging perfor 
mance. Excessive variation from spherical curvature, hoW 
ever, Will result in unsatisfactory imaging and can even 
prevent the formation of virtual images that Would be visible 
at vieWing pupils 14l and 141'. 

[0090] Types of Image Source 

[0091] Using the overall arrangement of FIGS. 3 and 4, 
image source 100 can be any of a number of image sources 
that emit modulated light, such as a projector, a display 
LCD, a CRT, an LED matriX, or an OLED or PLED device, 
for eXample. TWo characteristics of image source 100 are 
particularly signi?cant With this arrangement: 
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[0092] The image formed on image source 100 is 
substantially ?at. There may be some slight curva 
ture to this image, such as Would be provided by a 
CRT; however, the arrangement of FIGS. 3 and 4 
Work Well When image source 100 is ?at and shoWs 
hoW intermediate curved image 80 is formed having 
a curvature using the methods of the present inven 
tion. Since most image display devices form a ?at 
image, there is, then, no need for modi?cation to 
off-the-shelf display components With this arrange 
ment. 

[0093] (ii) Image source 100 can be several inches in 
diameter, and may be Well over one foot in diameter. 
In a preferred embodiment, image source 100 is a 
large LCD display, such as a 17-inch display, for 
eXample. This is unlike other apparatus for forming 
a curved intermediate image, such as Was shoWn 
With reference to FIG. 2, for Which a microdisplay, 
such as a liquid crystal on silicon (LCOS) or DMD 
component, is used. Use of a larger display device 
for image source 100 has particular advantages for 
increasing both image resolution and brightness. 

[0094] As described With reference to the Lagrange invari 
ant in the background section above, brightness in an optical 
system is a product of the emissive area and the solid angle 
into Which light is emitted. By alloWing image source 100 to 
have a large emissive area, the method of the present 
invention alloWs substantial brightness levels While, at the 
same time, alloWing light angles to be relatively small. 
Small light angles are advantageous for maXimiZing image 
contrast and minimiZing color shifting and other related 
image aberrations. 

[0095] As shoWn in FIG. 4, separate image sources 100l 
and 100r are used for left and right eyes, respectively. 
Ideally, image source 100l for left image generation system 
170l and image source 100r for right image generation 
system 170r are Well-matched for image siZe and color. CRT 
displays, hoWever, may be at a disadvantage if used as image 
sources 100. Color differences betWeen CRTs may degrade 
stereoscopic imaging performance. Additionally, as a result 
of display ageing, CRT image areas may vary dimensionally, 
effectively causing left/right piXel misalignment. In contrast 
to CRT displays, LCD displays offer improved dimensional 
stability With stable piXel locations, ease of alignment, and 
simpler mounting. 
[0096] It can be seen that the use of image generation 
system 170 according to the present invention provides an 
alternative to the ball lens segments disclosed in the US. 
Pat. No. 6,416,181 referenced above, eliminating the need 
for corrective optics to support the spherical ball lens. Image 
generation system 170 does not require auXiliary beamsplit 
ters or other highly specialiZed optics for forming left and 
right curved intermediate images. A Wide range of image 
sources 100 can be used, easing constraints imposed by the 
Lagrange invariant, as Was noted in the background section 
given above. The image path can be folded at a convenient 
point for optimiZing interocular separation. Thus, image 
generation system 170 provides a compact solution for 
imaging optics in an autostereoscopic system, enabling 
reductions in both siZe and cost. 

[0097] The invention has been described in detail With 
particular reference to certain preferred embodiments 
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thereof, but it Will be understood that variations and modi 
?cations can be effected Within the scope of the invention as 
described above, and as noted in the appended claims, by a 
person of ordinary skill in the art Without departing from the 
scope of the invention. For example, image source 100, a 
transmissive LCD device in one embodiment, can be any of 
a number of types of image source, including ?lm projector, 
CRT, LCD, and digital imaging devices. Image source 100 
could be an emissive array, such as an organic light emitting 
diode (OLED) array, for eXample. In order to take advantage 
of the bene?ts of monocentric imaging, curved mirror 24 or 
pair of curved mirrors 24l/24r Will be substantially spherical 
in most embodiments; hoWever, some slight shape modi? 
cations might be used, With the corresponding changes to 
supporting optics. Curved mirror 24 or 24l, 24r could be 
fabricated as a highly re?ective surface using a number of 
different materials. 

[0098] Thus, What is provided is an apparatus and method 
for autostereoscopic image display having improved bright 
ness, pupil siZe, and resolution in a compact design. 

PARTS LIST 

[0099] 10 autostereoscopic display apparatus 

[0100] 12 vieWer 

[0101] 14 vieWing pupil 

[0102] 14l left vieWing pupil 

[0103] 14l‘ left vieWing pupil 

[0104] 14r right vieWing pupil 

[0105] 14r‘ right vieWing pupil 

[0106] 16 beamsplitter 

[0107] 22 front focal surface 

[0108] 24 curved mirror 

[0109] 24l curved mirror, left 

[0110] 24r curved mirror, right 

[0111] 30 ball lens assembly 

[0112] 30l ball lens assembly, left 

[0113] 30r ball lens assembly, right 

[0114] 32 diffusing element 

[0115] 40 diffusive surface 

[0116] 54 relay lens 

[0117] 70 image generation system 

[0118] 70l left image generation system 

[0119] 70r right image generation system 

[0120] 74 image generator 

[0121] 76 curved intermediate image 

[0122] 80 intermediate curved image 

[0123] 82 stereoscopic projection system 

[0124] 100 image source 

[0125] 100l left image source 

[0126] 100r right image source 
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[0127] 102 entrance optics 

[0128] 102l left entrance optics 

[0129] 102r right entrance optics 

[0130] 104 turning prism 

[0131] 104l left turning prism 

[0132] 104r right turning prism 

[0133] 106 output lens 

[0134] 106l left output lens 

[0135] 106r right output lens 

[0136] 108 re?ective surface 

[0137] 108l left re?ective surface 

[0138] 108r right re?ective surface 

[0139] 110 optical assembly 

[0140] 110l left optical assembly 

[0141] 110r right optical assembly 

[0142] 112l left turning mirror 

[0143] 112r right turning mirror 

[0144] 170 image generation system 

[0145] 170l left image generation system 

[0146] 170r right image generation system 

1. An autostereoscopic optical apparatus for vieWing a 
stereoscopic image comprising a left image to be vieWed by 
an observer at a left vieWing pupil and a right image to be 
vieWed by the observer at a right vieWing pupil, the appa 
ratus comprising: 

(a) a left image generation system for forming a left 
curved intermediate image near the focal surface of a 
curved mirror, the left image generation system com 
prising: 

(i) a left image source for forming a left source image; 

(ii) a left optical system comprising at least one lens for 
collecting light from the left image source and a left 
image folding surface for directing the collected light 
to form the left curved intermediate image, Wherein 
the left optical system forms an eXit pupil optically 
centered near the center of curvature of the left 
curved intermediate image; 

(b) a right image generation system for forming a right 
curved intermediate image near the focal surface of the 
curved mirror, the right image generation system com 
prising: 
(i) a right image source for forming a right source 

image; 

(ii) a right optical system comprising at least one lens 
for collecting light from the right image source and 
a right image folding surface for directing the col 
lected light to form the right curved intermediate 
image, Wherein the right optical system forms an eXit 
pupil optically centered near the center of curvature 
of the right curved intermediate image; 
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(c) the center of curvature of the curved mirror placed 
substantially optically midWay betWeen the eXit pupil 
of the left optical system and eXit pupil of the right 
optical system; 

(d) a beamsplitter disposed betWeen the mirrored surface 
and the center of curvature of the curved mirror, the 
curved mirror and beamsplitter cooperating to form, at 
the left vieWing pupil: 

(i) a real image of the eXit pupil of the left optical 
system; and 

(ii) an image of the left curved intermediate image that 
appears to be behind the curved mirror; 

the curved mirror and beamsplitter further cooperating to 
form, at the right vieWing pupil: 

(i) a real image of the eXit pupil of the right optical 
system; and 

(ii) an image of the right curved intermediate image 
that appears to be behind the curved mirror. 

2. An autostereoscopic optical apparatus according to 
claim 1 Wherein the left image source is taken from the 
group consisting of a projector, a CRT, an emissive array, an 
LCD display, and an OLED. 

3. An autostereoscopic optical apparatus according to 
claim 1 further comprising a prism optically coupled With 
the left image folding surface. 

4. An autostereoscopic optical apparatus according to 
claim 1 Wherein the left image folding surface is disposed 
substantially at the aperture stop of the left optical system. 

5. An autostereoscopic optical apparatus according to 
claim 1 Wherein the aperture stop and eXit pupil of the left 
optical system are farther than 4 mm apart. 

6. An autostereoscopic optical apparatus according to 
claim 1 Wherein the diameter of the output lens of the left 
optical system is in the range of 65-200 mm. 

7. An autostereoscopic optical apparatus according to 
claim 1 Wherein the left image folding surface is a mirror. 

8. An autostereoscopic optical apparatus according to 
claim 1 Wherein at least one of the left and right source 
images is pre-distorted to correct optical distortion. 

9. An autostereoscopic optical apparatus for vieWing a 
stereoscopic image comprising a left virtual image to be 
vieWed by an observer at a left vieWing pupil and a right 
virtual image to be vieWed by the observer at a right vieWing 
pupil, the apparatus comprising: 

(a) a left image generation system for forming a left 
curved intermediate image near the focal surface of a 
curved mirror, the left image generation system com 
prising: 
(i) a left image source for forming a left source image; 

(ii) a left optical system comprising at least one lens for 
collecting light from the left image source and a left 
image folding surface for directing the collected light 
to form the left curved intermediate image, Wherein 
the left optical system forms an eXit pupil optically 
centered near the center of curvature of the left 
curved intermediate image; 

(b) a right image generation system for forming a right 
curved intermediate image near the focal surface of the 
curved mirror, the right image generation system com 
prising: 
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(i) a right image source for forming a right source 
image; 

(ii) a right optical system comprising at least one lens 
for collecting light from the right image source and 
a right image folding surface for directing the col 
lected light to form the right curved intermediate 
image, Wherein the right optical system forms an eXit 
pupil optically centered near the center of curvature 
of the right curved intermediate image; 

(c) the center of curvature of the curved mirror placed 
substantially optically midWay betWeen the eXit pupil 
of the left optical system and eXit pupil of the right 
optical system; 

(d) a beamsplitter disposed betWeen the mirrored surface 
and the center of curvature of the curved mirror, the 
curved mirror and beamsplitter cooperating to form, at 
the left vieWing pupil: 

(i) a real image of the eXit pupil of the left optical 
system; 

(ii) a virtual image of the left curved intermediate 
image; 

the curved mirror and beamsplitter further cooperating to 
form, at the right vieWing pupil: 

(i) a real image of the eXit pupil of the right optical 
system; and 

(ii) a virtual image of the right curved intermediate 
image. 

10. An autostereoscopic optical apparatus for vieWing a 
stereoscopic virtual image comprising a left image to be 
vieWed by an observer at a left vieWing pupil and a right 
image to be vieWed by the observer at a right vieWing pupil, 
the apparatus comprising: 

(a) a left image generation system and a right image 
generation system, each image generation system com 
prising: 
(i) an image source for forming a source image; 

(ii) an optical system comprising at least one lens for 
collecting light from the image source and an image 
folding surface for directing the collected light to 
form a curved intermediate image, Wherein the opti 
cal system forms an eXit pupil optically centered near 
the center of curvature of the curved intermediate 
image; 

(b) a beamsplitter disposed to form the curved interme 
diate image of the left image generation system near the 
focal surface of a left curved mirror and to form the 
curved intermediate image of the right image genera 
tion system near the focal surface of a right curved 
mirror; 

Wherein the left curved mirror has a center of curvature 
substantially coincident With the eXit pupil of the left 
optical system for the left image generation system; 

Wherein the right curved mirror has a center of curvature 
substantially coincident With the eXit pupil of the right 
optical system for the right image generation system; 

Wherein the beamsplitter cooperates With the left curved 
mirror to form, at the left vieWing pupil, a real image 
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of the eXit pupil of the left optical system for the left 
image generation system and an image of the curved 
intermediate image formed by the left image generation 
system that appears to be behind the left curved mirror; 
and 

Wherein the beamsplitter cooperates With the right curved 
mirror to form, at the right vieWing pupil, a real image 
of the pupil of the optical system for the right image 
generation system and an image of the curved inter 
mediate image formed by the right image generation 
system that appears to be behind the right curved 
mirror. 

11. An autostereoscopic optical apparatus according to 
claim 10 Wherein the image source is taken from the group 
consisting of a projector, a CRT, an emissive array, an LCD 
display, and an OLED. 

12. An autostereoscopic optical apparatus according to 
claim 10 further comprising a prism optically coupled With 
the image folding surface of the image generation system. 

13. An autostereoscopic optical apparatus according to 
claim 10 Wherein the image folding surface is disposed 
substantially at the aperture stop of the optical system. 

14. An autostereoscopic optical apparatus according to 
claim 10 Wherein the aperture stop and eXit pupil of the 
optical system are farther than 4 mm apart. 

15. An autostereoscopic optical apparatus according to 
claim 10 Wherein the diameter of the output lens of the 
optical system is in the range of 65-200 mm. 

16. An autostereoscopic optical apparatus according to 
claim 10 Wherein the image folding surface is a mirror. 

17. An autostereoscopic optical apparatus according to 
claim 10 Wherein the source image is pre-distorted to correct 
optical distortion. 

18. An autostereoscopic optical apparatus for vieWing a 
stereoscopic virtual image comprising a left virtual image to 
be vieWed by an observer at a left vieWing pupil and a right 
virtual image to be vieWed by the observer at a right vieWing 
pupil, the apparatus comprising: 

(a) a left image generation system and a right image 
generation system, each image generation system com 
prising: 
(i) an image source for forming a source image; 

(ii) an optical system comprising at least one lens for 
collecting light from the image source and an image 
folding surface for directing the collected light to 
form a curved intermediate image, Wherein the opti 
cal system forms an eXit pupil optically centered near 
the center of curvature of the curved intermediate 
image; 

(b) a beamsplitter disposed to form the curved interme 
diate image of the left image generation system near the 
focal surface of a left curved mirror and to form the 
curved intermediate image of the right image genera 
tion system near the focal surface of a right curved 
mirror; 

Wherein the left curved mirror has a center of curvature 
substantially coincident With the eXit pupil of the left 
optical system for the left image generation system; 

Wherein the right curved mirror has a center of curvature 
substantially coincident With the eXit pupil of the right 
optical system for the right image generation system; 
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wherein the beamsplitter cooperates With the left curved 
mirror to form, at the left viewing pupil, a real image 
of the eXit pupil of the left optical system for the left 
image generation system and a virtual image of the 
curved intermediate image formed by the left image 
generation system; and 

Wherein the beamsplitter cooperates With the right curved 
mirror to form, at the right vieWing pupil, a real image 
of the pupil of the optical system for the right image 
generation system and a virtual image of the curved 
intermediate image formed by the right image genera 
tion system. 

19. A method for forming an autostereoscopic image 
comprising a left image to be vieWed by an observer at a left 
vieWing pupil and a right image to be vieWed by the observer 
at a right vieWing pupil, the method comprising: 

(a) forming a left curved intermediate image near the 
focal surface of a curved mirror by: 

(i) forming a left source image from a left image 
source; 

(ii) collecting light from the left image source and 
folding the light path at a re?ective surface to form 
the left curved intermediate image, Whereby the eXit 
pupil is optically centered near the center of curva 
ture of the left curved intermediate image; 

(b) forming a right curved intermediate image near the 
focal surface of the curved mirror by: 

(i) forming a right source image from a right image 
source; 

(ii) collecting light from the right image source and 
folding the light path at a re?ective surface to form 
the right curved intermediate image, Whereby the 
eXit pupil is optically centered near the center of 
curvature of the right curved intermediate image; 

Wherein the center of curvature of the curved mirror is 
substantially optically midWay betWeen the eXit pupil 
of the left and right optical paths; 

(c) disposing a beamsplitter betWeen the mirrored surface 
and the center of curvature of the curved mirror, the 
curved mirror and beamsplitter cooperating to form, at 
the left vieWing pupil: 

(i) a real image of the pupil of the left prism; and 

(ii) an image of the left curved intermediate image that 
appears to be behind the curved mirror; 

the curved mirror and beamsplitter further cooperating to 
form, at the right vieWing pupil: 

(i) a real image of the pupil of the right prism; and 

(ii) an image of the right curved intermediate image 
that appears to be behind the curved mirror. 

20. A method for forming an autostereoscopic image 
according to claim 19 Wherein the step of forming a left 
source image comprises the step of modulating an LCD. 

21. A method for forming an autostereoscopic image 
according to claim 19 Wherein the step of forming a left 
source image comprises the step of energiZing an emissive 
display. 

Dec. 1, 2005 

22. A method for forming an autostereoscopic image 
according to claim 19 Wherein the step of forming a left 
source image comprises the step of energiZing a CRT. 

23. A method for forming an autostereoscopic image 
according to claim 19 Wherein the step of forming a left 
source image comprises the step of energiZing an OLED. 

24. A method for forming an autostereoscopic image 
according to claim 19 Wherein the step of forming a left 
source image comprises the step of projecting an image. 

25. A method for forming an autostereoscopic virtual 
image comprising a left image to be vieWed by an observer 
at a left vieWing pupil and a right image to be vieWed by the 
observer at a right vieWing pupil, the method comprising: 

(a) forming a left curved intermediate image near the 
focal surface of a curved mirror by: 

(i) forming a left source image from a left image 
source; 

(ii) collecting light from the left image source and 
folding the light path at a re?ective surface to form 
the left curved intermediate image, Whereby the eXit 
pupil is optically centered near the center of curva 
ture of the left curved intermediate image; 

(b) forming a right curved intermediate image near the 
focal surface of the curved mirror by: 

(i) forming a right source image from a right image 
source; 

(ii) collecting light from the right image source and 
folding the light path at a re?ective surface to form 
the right curved intermediate image, Whereby the 
eXit pupil is optically centered near the center of 
curvature of the right curved intermediate image; 

Wherein the center of curvature of the curved mirror is 
substantially optically midWay betWeen the eXit pupil 
of the left and right optical paths; 

(c) disposing a beamsplitter betWeen the mirrored surface 
and the center of curvature of the curved mirror, the 
curved mirror and beamsplitter cooperating to form, at 
the left vieWing pupil: 

(i) a real image of the pupil of the left prism; 

(ii) a virtual image of the left curved intermediate 
image; 

the curved mirror and beamsplitter further cooperating to 
form, at the right vieWing pupil: 

(i) a real image of the pupil of the right prism; and 

(ii) a virtual image of the right curved intermediate 
image. 

26. A method for forming an autostereoscopic image 
comprising a left image to be vieWed by an observer at a left 
vieWing pupil and a right image to be vieWed by the observer 
at a right vieWing pupil, the method comprising: 

(a) forming a left curved intermediate image near the 
focal surface of a left curved mirror by: 

(i) forming a left source image; 

(ii) collecting light from the left source image and 
folding the light path at a re?ective surface to form 
the left curved intermediate image, Wherein the eXit 
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pupil is optically centered near the center of curva 
ture of the left curved intermediate image, Wherein 
the center of curvature of the left curved mirror is 
substantially coincident With the eXit pupil; 

(b) forming a right curved intermediate image near the 
focal surface of a right curved mirror by: 

(i) forming a right source image; 

(ii) collecting light from the right source image and 
folding the light path at a re?ective surface to form 
the right curved intermediate image, Wherein the eXit 
pupil is optically centered near the center of curva 
ture of the right curved intermediate image, Wherein 
the center of curvature of the right curved mirror is 
substantially coincident With the eXit pupil; and 

(c) disposing a beamsplitter to form, at the left vieWing 
pupil, a real image of the pupil of the optical system for 
the left image generation system; and to form, at the 
right vieWing pupil, a real image of the pupil of the 
optical system for the right image generation system. 

27. A method for forming an autostereoscopic virtual 
image comprising a left image to be vieWed by an observer 
at a left vieWing pupil and a right image to be vieWed by the 
observer at a right vieWing pupil, the method comprising: 

(a) forming a left curved intermediate image near the 
focal surface of a left curved mirror by: 
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(i) forming a left source image; 

(ii) collecting light from the left source image and 
folding the light path at a re?ective surface to form 
the left curved intermediate image, Wherein the eXit 
pupil is optically centered near the center of curva 
ture of the left curved intermediate image, Wherein 
the center of curvature of the left curved mirror is 
substantially coincident With the eXit pupil; 

(b) forming a right curved intermediate image near the 
focal surface of a right curved mirror by: 

(i) forming a right source image; 

(ii) collecting light from the right source image and 
folding the light path at a re?ective surface to form 
the right curved intermediate image, Wherein the eXit 
pupil is optically centered near the center of curva 
ture of the right curved intermediate image, Wherein 
the center of curvature of the right curved mirror is 
substantially coincident With the eXit pupil; and 

(c) disposing a beamsplitter to form, at the left vieWing 
pupil, a real image of the pupil of the optical system for 
the left image generation system; and to form, at the 
right vieWing pupil, a real image of the pupil of the 
optical system for the right image generation system. 

* * * * * 


